ABSTRACT In this paper, a high-sensitive microwave dielectric sensor targeted for material permittivity characterization is proposed. A reflective voltage controlled oscillator is devised by virtue of the compact microstrip resonant cell (CMRC) and embedded into a fractional-N phase-locked loop frequency synthesizer. The CMRC structure, covered with material under test, changes its resonating characteristics and, hence, the initial oscillating frequency. Due to the presence of the frequency synthesizer, this frequency shift is finally translated into the controlling voltage variation. In this paper, the material permittivity is extracted by measuring the voltage deviation. Several different samples with known permittivity values are tested to verify the effectiveness of the design sensing platform.
I. INTRODUCTION
Dielectric constant is an important feature of material in engineering. The accurate electrical knowledge of permittivity (i.e., dielectric constant) provides much valuable information about the material under test (MUT). Precise characterization of this material property can find numerous applications. Reported applications include but not limited to food quality monitoring [1] , [2] , biological material detection [3] - [6] , blood glucose measurement [7] , [8] , humidity and gas concentration sensing [9] - [11] , as well as liquid composition analysis [12] - [14] . The microwave approach, thanks to its non-invasive and nondestructive feature, gains great popularity in recent years. By exciting the material with a high-frequency signal and recording the transmission or reflection response, the microwave method may achieve high accuracy in a wide frequency band.
In view of different characteristics of materials, detection techniques in the microwave range can be roughly categorized into three main classes: free-space approaches [15] , [16] , transmission-line approaches [17] , [18] and resonant cavity approaches [19] . For the free-space technique, a MUT sample is placed between two directional antennas. Dielectric information is obtained by measuring the transmission or reflection coefficients. Nevertheless, large sample volume is often required, which accounts for its main disadvantage. In the transmission-line method, a material sample is inserted into a section of transmission line such as waveguide and strip-line. The resultant frequency response due to material filling contains the permittivity information. The drawback of this technique lies in the difficulty of sample preparation.
The resonant cavity method records the resonant response deviation before and after material filling into the cavity. Because of the high quality factor of a metallic cavity, very tiny perturbation can be distinguished, thus it is the most accurate technique among all these three methods. However, traditional cavity features a three dimensional structure, which is bulky and incompatible to planar circuits. Therefore, low-cost and planar sensing elements with good sensitivity are highly desirable in the microwave domain to characterize material with high accuracy. In the past few years, several new planar electro-magnetic configurations have been reported. The most representative ones are the split ring resonator (SRR) [20] and its complementary version (CSRR) [21] , [22] . Taking SRR as an example, when the SRR is exposed to a MUT sample, the electrical field distribution can be altered. Based on the corresponding frequency responses, the permittivity information can be extracted.
Nevertheless, the excitation of SRR is somewhat difficult, and thus the sensitivity is reduced as a result. For the CSRR case, its ground is patterned and its integrity is therefore broken. These factors give rise to compatibility problems in many practical circuits, and thus limit the application aspects.
To measure the frequency response in an accurate manner, a vector network analyzer (VNA) is often required. Therefore, it is expensive and inconvenient in many circumstances. In order to reduce the system complexity and cost, it is of great importance to develop a low-cost and integrated permittivity sensor solution for future applications. In addition, the data readout must be sufficiently convenient and simple.
In this work, the compact microwave resonant cell (CMRC) is proposed as a microwave dielectric constant sensor, as its frequency performance changes when exposed to a MUT sample. Due to its planar configuration and dimensional compactness, it can be readily integrated into a phase locked loop (PLL) based frequency synthesizer. The MUT permittivity characterization is transformed to a simple task: voltage measurement. As a consequence, bulky and costly VNA is no longer needed, which greatly improves detection efficiency and reduces monetary expense.
The rest of this work is organized as follows: Section II introduces the concept and design guidelines of the proposed microwave sensor integrated with a VCO. Section III discusses the configuration of the whole sensing system as well as the material characterization procedure. In Section IV, the circuit realization and the measurement results are presented, followed by conclusion in Section V.
II. MICROWAVE SENSOR BASED ON CMRC A. CMRC
The CMRC configuration, firstly proposed in 2000, is a popular electrical band-gap (EBG) structure with microstrip alike configuration. Due to its inherent band-stop characteristics and slow-wave effect, CMRC and its evolved versions have found numerous microwave applications, as reported in the literature [23] - [25] . Fig. 1 shows the typical structural diagram of a CMRC unit and its equivalent circuit in the form of lumped elements consisting of inductors and capacitors. As a typical frequency-selecting component, the resonant frequency f res of a CMRC unit is roughly expressed as
where L 1 , C 0 and C P are equivalent inductors and capacitors, as shown in Fig. 1(b) . Note that the inductive parts are mainly produced by the longitudinal and transverse narrow lines, while the capacitances C 0 and C P are generated by the mutual coupling between the metallic patterns and the coupling between the triangular patches and ground, respectively. 
B. SENSING ELEMENT DESIGN
In this work, a microwave dielectric constant sensor is devised based on CMRC. As noted from (1), different capacitive or inductive elements can lead to distinct frequency responses. Therefore, it can be used as an effective sensing element under external perturbation by utilizing its frequency characteristics. Fig. 2 depicts the illustrative diagram of the proposed dielectric sensor. One end of CMRC is open circuited while the other end is connected with a section of transmission line, and a MUT sample cube is placed above it. Besides, two varactors are connected to the center taps, whose function will be discussed in the following section.
As is well known, the frequency-dependent material permittivity can be expressed in a complex form, ε r (ω) = ε r (ω) − jε r (ω), where ε r (ω) and ε r (ω) are the real and imaginary parts, respectively. The real part indicates the energy VOLUME 6, 2018 storage within material, and the imaginary part is a measure of the material's loss. When a MUT sample is added, the field distribution of CMRC is perturbed. As ε r (ω) is generally larger than unity, which is corresponding to the dielectric permittivity of air, the electric fields would concentrate in the material disposed. Alternatively speaking, when exposed to an exterior dielectric sample, the equivalent capacitance increases for CMRC. If the inductive parts are assumed intact, the resonant frequency decreases. Fig. 3 shows the simulated S21 curves of the CMRC unit covered by a MUT cube with ε r (ω) ranging from 2 to 10, with a step of 2. The MUT dimension is 15 mm × 6 mm × 4 mm, and ε r (ω) is assumed frequency invariable and the loss effect is neglected for analysis simplicity (ε r (ω) = 0). Note that the resonant frequency (left S21 dip) is roughly dropped from 6 GHz for ε r (ω) = 2 to 4.2 GHz for ε r (ω) = 10. Therefore, it is intuitive that the material permittivity is closely related to the frequency response, and its detail information can be extracted if the frequency characteristics are properly exploited. In this context, CMRC is transformed into a feasible sensing element.
In addition, because of the planar and quasi-lumped structural feature, CMRC can be readily implanted into passive and active circuits as a single functional element. As a result, drawbacks of indirect signal excitation and defected ground encountered by SRR [20] and CSRR [21] are avoided. This greatly improves circuit performance and keeps the system compact in size and low in complexity.
C. VOLTAGE CONTROLLED OSCILLATOR DESIGN
In order to build an effective and low-cost sensing platform, the response of the sensitive detecting element must be read and expressed in a simple and precise manner. Many of previously published microwave sensing works mainly rely on scattering parameters (i.e., S-parameters) characterization. Although the S-parameters contain much valuable information, the S-parameter measurement requires an expensive and bulky vector signal analyzer (VNA), which inevitably increases the system cost and confines its application prospects. Herein, a synthesizer based microwave sensor with direct readout functionality is proposed to simplify system implementation.
As is well known, an oscillator is the key component of a frequency synthesizer. In the microwave frequency and above, oscillators can be roughly categorized into two different classes: feedback and reflective. The feedback type couples a portion of the output power into the input. Positive feedback is developed to generate oscillation by equalizing the overall phase of the loop to an integral multiple of 2π and having loop gain larger than unity. A resonator acting as the frequency selection element is generally embedded in the feedback loop, whose Q-factor largely determines the phase noise of the overall oscillator. The reflective oscillator, on the other hand, reflects a part of the power back into the input to realize a negative impedance using a resonator. Observed from Fig. 3 , the frequency notches appear for the S 21 curves, which indicates a typical band-stop feature. As a consequence, the reflective scheme is herein chosen whereas the CMRC unit is applied as a reflecting resonator. Fig. 4 shows the simplified schematic diagram of the devised dielectric sensing apparatus. According to the oscillator design theory, the following requirements must be met to generate a stable oscillation,
where in and G are the reflection coefficients seen into the transistor gate and the resonator respectively, and K is an arbitrary integral number. For practical circuit design, the absolute value of G is usually made larger than unity to meet the magnitude condition described by (2.a). A capacitor C S is connected between the transistor source terminal and the ground to generate the negative resistance in this design. Specifically speaking, an ATF-34143 pHEMT from Avago Technologies is used as the active device. Provided with the transistor model, the stability analysis is conducted in Keysight ADS. Fig. 5 shows the simulated magnitude and phase curves as functions of the frequency for G with varied C S . It is clearly observed that | G | > 1 is obtained in a wide frequency range for each C S value. Therefore, the phase condition given by (2.b) remains as the determinant condition of the final oscillation frequency. According to the previous analysis, when CMRC is used as a resonator, the impedance changes if different MUT samples are loaded, and the resultant free-running frequency shifts accordingly. From the circuit design aspect, in order to finalize a complete frequency synthesizer, electrically tunable components should be applied to the resonator or active device. In this design, two reverse biased varactors are added to the center tap of the CMRC unit, as shown in Fig. 2 . If loss and parasitic effects of varactor are neglected for simplicity, they are modeled as ideal capacitors whose actual capacitance are determined by the applied reverse voltage. In this scenario, the resonating frequency of the updated resonator loaded with MUT and varactors can be written as
where C(ε r ) denotes the additional capacitance caused by the added MUT sample, whose value is proportional to its permittivity, and C V stands for the capacitance of each varactor. Therefore, it is readily seen that the eventual frequency is jointly determined by interactions among the CMRC resonator exposed to MUT, the biased varactor and the active device.
III. SENSING PLATFORM USING FREQUENCY SYNTHESIZER A. FRACTIONAL-N PLL BASED FREQUENCY SYNTHESIZER
From the aforementioned analysis, the resonator response variation due to MUT exposure can cause frequency shift of the microwave oscillator. Nevertheless, a bulky and expensive signal analyzer is still needed to accurately characterize this frequency change for a traditional solution. Therefore, a step forward is herein taken to realize a cost-effective sensor system. To be specific, a VCO based on CMRC is embedded into a fractional-N PLL. Fig . 6 shows the complete schematic diagram of the devised sensor platform. It consists of three main blocks: VCO, PLL, and microcontroller unit (MCU). The VCO is used to generate an oscillation signal whose frequency is sensitive to the MUT and affected by the varactor biasing voltage, as analyzed above. To establish a precise mapping relationship between the material permittivity value and the voltage applied to VCO, a PLL is introduced as a stabilizing element. The PLL apparatus contains a fractional frequency divider (FD), a phase frequency detector (PFD), a charge pump (CP) and a loop filter (LPF).
To miniaturize circuit size and accelerate circuit prototyping, an off-the-shelf frequency synthesizer is used, which integrates a programmable FD, PFD and CP in a single chip. The operation principle are roughly summarized as follows. An external crystal provides the PLL chip with a high-quality reference frequency f ref , which is compared with the divided VCO output f d in the internal PFD. The PFD generates a voltage V p that is proportional to the phase difference between f ref and f d . The regulated voltage V c after CP is then sent to a third-order loop filter (LPF), which is not included in the synthesizer chip. The configuration of the devised LPF is shown in the inset of Fig. 6 . Moreover, it is worth noting that if a large capacitance tuning ratio of varactor and hence a large detection range of sensor are required, an active LPF containing an operation amplifier (OPA) can be designed to increase voltage dynamics.
The filtered voltage V b is finally used to regulate the varactors, which is alternatively named as the VCO controlling voltage. At this point, the resonator response is successfully mapped to a DC controlling voltage, which can be readily measured with a multi-meter or processed with a high resolution analog-to-digital converter (ADC). Consequently, the entire system complexity is reduce to a low level, as costly and troublesome frequency measurement is no longer necessary anymore. The MCU is introduced to program the frequency division ratio N and control the operation of the whole system.
B. SYSTEM SETUP AND DETECTION PROCEDURE
This subsection introduces the system setup and material characterization procedure of the built platform. Suppose the frequency of the standalone free-running oscillator with no material placed on CMRC and no voltage applied to varactors is f 0 , whose value can be measured by a signal analyzer. The first step of the characterization process is embedding the proposed VCO to the PLL. That is, the VCO output is connected to the RF input of the PLL board, and the LPF regulated output voltage V b , as shown in Fig. 6 , is used to bias the varactors in the VCO.
The second step is to set an initial frequency division ratio N by writing proper values into the registers of the PLL chip by MCU. According to the operation principle of PLL based frequency synthesizer, the final output frequency f LCK of the locked VCO can be expressed as (4) where N can be an integer or a fractional number. The f LCK value is chosen to be identical with f 0 . The locking status can be checked by simply investigating the VCO output frequency in a signal analyzer to see whether equation (4) holds. The bias voltage at this initialization point V b,0 should be zero. In the third step, the MUT sample is placed on top of the CMRC unit. Based on the previous analysis, the MUT material is going to change the VCO free-running oscillation frequency as the resonator equivalent capacitance is altered. However, due to the existence of PLL, the eventual oscillation frequency is pulled back to f 0 by modulating the bias voltage V b,mut automatically inside the frequency synthesizer.
From another observation aspect, this constant frequency characteristic is achieved because the sum of capacitances induced by the MUT sample and varactors is invariable. That is, the term C ext is constant in equation (3) . As a consequence, one can infer that a higher MUT permittivity results in a larger capacitance C(ε r ), and thus a smaller compensated capacitance C V is required from the varactors. Fig. 7 depicts the capacitance values versus the reverse bias voltage of several varactors. As can be seen, the capacitances decrease exponentially when the reverse voltage increases. Therefore, it is readily to conceive that V b,mut increases when the MUT dielectric constant increases in the proposed system, and there exists a one-to-one correspondence between each other. In this context, the material permittivity value is successfully mapped to the VCO control voltage. The complicated task of oscillation frequency detection is then converted to the simple task of voltage measurement. In the next step, a clear mapping is established by recording the corresponding V b values of some calibrating materials with known values of permittivity. The voltage-permittivity relation can be obtained by curve fitting. Finally, the MUT permittivity is extracted with its corresponding bias voltage reading from the proposed synthesizer. Fig. 8 depicts the whole flow chart of the detection process of the proposed sensing platform. Fig. 9 shows the photograph of the implemented microwave material sensor. The entire hardware includes two main parts: the VCO board and the PLL board. The VCO board is fabricated on Rogers 5780 laminate with permittivity of 2.33 and substrate height of 0.79 mm. Two silicon hyperabrupt junction varactors SMV1231-079LF from Skyworks Inc. are applied as the frequency tuning elements. Drain supplying and gate biasing voltages of the transistor are set to 4 V and -0.6 V, respectively. The overall size of the RF board is 32 mm × 68 mm. According to the preceding analysis, in the system startup and calibration stage, if no material is introduced to CMRC, V b,0 is 0 V. The corresponding varactor capacitance is roughly 2.35 pF according to its datasheet. Fig. 10 depicts the simulated free-running oscillation frequency shift (in comparison with f 0 ) when the materials with different permittivity values are applied. It is readily noted that the oscillation frequency reduces when the MUT permittivity increases. This is because the material induced capacitance increases. The MUT cube dimension is 15 mm × 6 mm × 4 mm in length, width and height. It is worth noting that the varactor biasing voltages are kept zero in all simulations. The CMRC performance is simulated in Ansys HFSS and imported into ADS for co-simulation.
IV. SYSTEM IMPLEMENTATION AND MEASUREMENT
The PLL board, on the other hand, is fabricated on the low-cost FR4 laminate. Off-the-shelf components and chips are chosen to simplify circuit implementation. To be specific, the integrated synthesizer chip is ADF4157, which has a 25-bit fixed modulus, allowing subhertz frequency resolution. Hence, very tiny permittivity difference can be distinguished. The system configuration and parameter setup are conducted in the ADIsimPLL simulation tool. A three-order passive LPF is realized using discrete SMD resistors and capacitors. The exact values of R 1 , R 2 , C 1 , C 2 , and C 3 , as shown in Fig. 6 , are 1.5 k , 2.9 k , 240 pF, 3.2 nF and 100 pF respectively. Available practical components are chosen with values close to simulated ones. The corresponding loop bandwidth is about 20 kHz.
The VCO output is connected to the RF input terminal of the PLL board, with a 10-dB attenuator placed in-between. This is because the VCO output power is roughly 10 dBm and the maximum sustainable input power of the PLL chip is 0 dBm. For particular, the PFD reference frequency is 12 MHz, provided by the external crystal. The locked frequency is set as f LK = 1.24042 GHz, therefore the frequency division ratio N is 103.368 according to (4) . The values of inherent registers are written by MUT into the PLL chip.
In order to verify the effectiveness of the proposed system, three material cubes with known permittivity values of 5.2, 9.6 and 12 are tested sequentially, and their corresponding bias voltages are recorded as 0.514 V, 1.016 V, and 1.272 V using Keysight 34461A digital multi-meter with 1 mV resolution. The samples are carefully polished to have the same dimension as that is used in simulation. It is worth mentioning that the loss tangents of the tested materials are all in the order of 10 −3 in the frequency band, therefore the effect of dielectric loss is neglected. Fig. 11 compares the bias voltage VOLUME 6, 2018 profile versus the material permittivity from both simulation and measurement. It is readily seen that the control voltage has positive correlation with the MUT permittivity. The fitted mathematical relationship between the simulated bias voltage and dielectric constant is extracted as V b,mut = −0.12779 + 0.12346 × ε r − 0.0099 × ε 2 r . The shown discrepancy between the simulated and measured results are attributed to several factors such as device modeling inaccuracy, EM simulation uncertainty, fabrication tolerance, etc. However, the exact relationship between the MUT sample permittivity and the recorded DC voltage can be determined with sufficient accuracy if large number of samples with known properties are used for calibrating. Once the correspondence between the control voltage and the permittivity is established, the dielectric constant of unknown MUT can be readily extracted. With this mapping relationship in hand, the permittivity of unknown MUT is simply obtained by directly measuring the VCO biasing voltage.
V. CONCLUSION
In this work, a novel dielectric constant sensor was proposed using the microwave technique. The CMRC structure has been applied as the sensing element, which is high in sensitivity, compact in size and compatible to the planar circuits. By virtue of a frequency synthesizer, the material permittivity can be detected precisely by simply measuring the bias voltage of the microwave VCO. Therefore, the detection speed and sensitivity have been greatly improved. In the meantime, the system complexity and realization cost were largely reduced. He has authored over 160 journal articles and holds 22 patents. His current research interests include integrated circuit and microelectromechanical system design and simulation, computational electromagnetics, electronic design automation, and wavelet applications in engineering. VOLUME 6, 2018 
